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A search has been carried out for heavy resonances decaying into Z+jet final states in pp collisions
at a center of mass energy of 1.96 TeV at the Tevatron using the D@ detector. No indication for
the existence of such resonances has been found in a data sample corresponding to L = 376 + 24
pb~! integrated luminosity. Mass values less than 520 GeV have been excluded at 95% CL.
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Heavy resonances decaying into a quark and a gauge boson may signal the existence of excited quarks and thereby
indicate a possible quark substructure [1]. Searches for excited quarks have been carried out in the past using di-
jet [2-4], photon+ jet and W + jet [5] final states. In the present analysis we are searching for resonances in the Z + jet
channel, where the Z is detected via its Z — eTe™ decay mode. This signature is practically free of instrumental
background. On the other hand it suffers from the low branching ratio of the Z —» eTe™ decay channel. The high
luminosity offered by the Tevatron in Run II makes it possible to present preliminary results for the first time on this
final state.

The Run IT DO detector [6] consists of several layered subdetectors. For the present analysis the most relevant
parts are the liquid-argon and uranium calorimeter [7] and the central-tracking system. The calorimeter has a central
granularity of An x A¢ = 0.1 x 0.1 where n is the pseudorapidity (n = —In[tan(8/2)]), € is the polar angle and
¢ is the azimuthal angle with respect to an axis defined by the proton beam. The central calorimeter (CC) covers
pseudorapidities || up to ~ 1.1, and the two end calorimeters (EC) extend coverage to |n| ~ 4.2. The tracking
system consists of a silicon microstrip tracker (SMT) and a central fiber tracker (CFT), both located within a 2 T
superconducting solenoidal magnet, with designs optimized for tracking and vertexing at pseudorapidities || < 3 and
[n| < 2.5, respectively.

The data used in this analysis were collected between April 2002 and August 2004, with an integrated luminosity of
(376 £ 24) pb~!. The selected events were required to pass at least one combination of single- or di-electron triggers.
The efficiency of the trigger combination for events with two electrons was measured with data and was found to
reach a plateau of g4, = 0.982 4 0.011 for electron pairs with the leading electron transverse momentum of p§ > 30
GeV and the next-to-leading electron with p§? > 20 GeV.

Final offline event selection was based on run quality, event properties, and electron and jet criteria. Events were
required to have a reconstructed vertex with a longitudinal position within 50 cm of the detector center. Electrons were
reconstructed from electromagnetic (EM) clusters in the calorimeter using a simple cone algorithm. The reconstructed
electron candidates were required to be either in the region of |n| < 1.2 or in 1.5 < |n| < 2.5. The highest-py electron
candidate with p&' > 30 GeV and the next to highest-pr electron candidate with p5? > 25 GeV in the event were
used to reconstruct the Z boson candidate. The electron pair was required to have an invariant mass M., near the
world average of the Z boson mass, 81 < M., < 101 GeV.

To reduce background contamination, mainly from jets faking electrons, the EM clusters were required to pass three
quality criteria based on shower profile: (i) the ratio of the EM energy to the total shower energy had to be greater
than 0.9, (¢) the lateral and longitudinal shape of the energy cluster had to be consistent with those of an electron, and
(i) the electron had to be isolated from other energy deposits in the calorimeter with isolation fraction f;s, < 0.15.
The isolation fraction is defined as f;s, = [E(0.4) — Egp(0.2)] /Egrp(0.2), where E(Rcone) and Egpr(Reone) are the
total and the EM energy, respectively, deposited within a cone of radius Re.one = v/ (An)? + (A¢)? centered around the
electron. Additionally, at least one of the electrons was required to have a matching track with compatible momentum
and direction to the EM cluster. A total of 24722 events passed these criteria.

Jets were reconstructed using the “Run II cone algorithm” [8] which combines particles within a cone of radius
R.one = 0.5. Spurious jets from isolated noisy calorimeter cells were eliminated by cuts on the jet shape and by
requiring a minimum fraction of transverse energy of charged tracks associated to the jets. The transverse momentum
of each jet was corrected (JES correction) for offsets due to the underlying event, multiple pp interactions and noise,
for out-of-cone showering, and for detector energy response as determined from the missing transverse energy balance
of photon—jets events. Jets were required to have py > 10 GeV and |n| < 2.5. Jets were eliminated if they overlapped
with any of the reconstructed EM objects within a cone of AR = 1/(An)? + (A¢)? = 0.4. After the jet selection
criteria, 4819 data events remained.

Jet losses were estimated using a Z+jet PYTHIA [9] Monte Carlo (MC) sample. Efficiencies for electron identifi-
cation and track matching have been simulated using the same sample which has been passed through the complete
reconstruction and analysis chain. In addition, a global scale factor has been applied to account for inefficiencies
in data reconstruction not simulated by MC. This scale factor has been determined in the CC region as being 88%
in Reference [10] where similar selection criteria have been used. By comparing the n distribution of the selected
electrons in the data with those in the MC, this scale factor has been reduced to 83% when including the EC region.

In Fig. 1 the distribution of the invariant mass, M.., of the two selected electrons is shown, along with the simulated
MC events using PYTHIA. In producing the latter smearing of the EM and hadronic jet energy has been applied
in order to account for calorimeter effects which were not properly simulated. One can observe a very clean, almost
background free Z signal which is described faithfully with the MC.

We have estimated two kinds of instrumental background where hadronic jets are misreconstructed as EM jets and
mimic Z events. One type comes from genuine QCD events where both of the EM objects are in fact hadronic jets.
The other source of background are W — ev + j events where the hadronic jet associated to the W fakes an electron.
The M., distribution of the QCD background has been parametrized as focp = a - e~4Mee and the parameter d
has been obtained from a fit of data events where the shower shape criteria have been inverted and neither of the
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FIG. 1: The invariant mass distribution of the two selected electrons in the event: data - left and MC - right. A gaussian fit is
performed around the Z peak which indicates that the widths of data and MC are of similar magnitude.
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FIG. 2: MET distribution of events where only one electron has a matched track (solid histogram), and that of those where
both electrons have a matched track (red dots). The two histograms are normalized to the same area. Left: all events, right:
events with Mz;1 > 200 GeV.

EM objects had matched tracks. Assuming that the MC simulation describes correctly the Drell-Yan production of
the eTe™ pairs, the parameter a has been fitted using the difference of the data and MC events (c.f. Fig. 1) in the
sidebands of the resonance: 60 < M., < 70 GeV and 110 < M., < 130 GeV. From the obtained value we have derived
the amount of the QCD background as being (0.74 £ 0.02)% under the Z peak. The W — ev + j background,
characterized by large missing transverse energy (MET), should appear in the data sample where only one of the EM
objects has a matched track. In Fig. 2 a comparison is shown of the MET distributions of events where only one
electron has a matched track with those where both of them do have a matched track. Since these distributions are
similar, one can conclude that this type of background is small.

We consider the signal as a spin 1/2 resonance produced in quark-gluon fusion following the model of Reference [1]
and implemented in PYTHIA. The corresponding Feynman diagram is depicted in Fig. 3. This reaction, where the
resonance is produced in SM gauge interaction, is the dominant one but it is by far not the only possible way an
excited quark can be produced. The compositeness scale A is taken to be the mass of the resonance and all form
factors involved are set to unity. These conditions determine the widths of the resonances which are smaller than the
experimental resolution (~ 70 GeV at M, = 500 GeV). In the simulation we have used PDF from CTEQS5L [11].
Typical signal acceptance is ~ 20 %. The invariant mass of the Z and the leading jet, Mz 1, for an excited quark of
mass Mgy, = 500 GeV is shown in Fig. 4.

The main background to the signal is inclusive Z boson production in the Standard Model (SM). We have generated
100 000 events in the entire region of Mz;; by PYTHIA using the so-called 2 — 1 process. In order to enhance the
statistics in events of high Mz;i, the region of interest of the present search, we have in addition generated PYTHIA
events including 2nd order matrix elements (2 — 2 process). In order to avoid collinear divergences a minimum
value of pr, = 30 GeV was used for the transverse momentum of the parton in the 2 — 2 collision. Four samples



FIG. 3: Feynman diagram of the production of the excited quark considered in the present search.
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FIG. 4: Invariant mass distribution of the Z and of the leading jet, Mz;1 for the case of prz > 50 GeV: Data - horizontal
lines with error bars; PYTHIA 2 — 1 - black histogram; PYTHIA 2 — 2 - colored histograms with various Mz, thresholds:
100 GeV - magenta, 200 GeV - green, 300 GeV - azure, 400 GeV - red; the resonance of mass 500 GeV - red dots. SM
backgrounds are normalized to data. All 2 — 2 processes have a common normalization factor determined for the Mz, = 100
GeV threshold. The resonance is normalized to the total integrated luminosity.

with different thresholds of Mz, =100, 200, 300 and 400 were simulated, where Mz, is the invariant mass of the
Z and the parton in the final state. Each sample consisted of about 25 000 events. All MC events were processed
through the full detector simulation. The 2 — 1 process describes the data well for Mz;; < 300 GeV whereas the
2 — 2 processes agree well with the data for Mz;; > 150 GeV. The transverse momentum distribution of the Z also
agrees well with the data for prz > 50 GeV. In the following we use only the 2 — 2 process for simulation of the
SM background with an Mz, threshold chosen according to the Mz;1 region to be investigated (see Table II). The
Mzj1 distribution for data and for the PYTHIA MC samples is shown in Fig. 4.

The background shape has also been tested with the ALPGEN generator [12]. For this purpose 37750, 10000 and
21700 events have been generated for Z 4+ 0j, Z 4+ 1j and Z + 25 samples, respectively. The shapes obtained by the
PYTHIA and ALPGEN generators agree within statistical fluctuation.

Since no significant peak can be observed in the Mz data distribution (c.f. Fig. 4) we proceed to determine the
upper limit of the production cross section of the excited quark as a function of its mass. We make use of the fact
that in the prz vs Mz;1 plane the events from the resonance are concentrated for Mz;; around the mass value and
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FIG. 5: prz vs Mzj; for SM background (black) and resonances with masses of 400 GeV (blue) and of 500 GeV (red) points.

TABLE I: Central values and RMS of the Mz;1 and prz distributions of the excited quarks of different masses.

Mass (GeV) Mz, (GeV) M7 (GeV) prz (GeV) pry’ (GeV)
300 295.0 56.6 122.5 34.5
400 395.0 67.5 187.5 42.9
500 505.0 89.2 232.5 50.9
600 595.0 99.3 262.5 64.2
700 675.0 116.4 312.5 74.7

for prz around about half of the mass value of the resonance, whereas the SM background does not exhibit a similar
structure ( c.f. Fig. 5). Hence we consider events around the central (peak) value of M7, and of p7., of the resonance
determined by the following condition:

2 2
Mzji — Mg, n <pTZ - chz> — 12 (1)
My pry’

where M7 and piy’%° are the RMS values of the corresponding distributions of the resonance, and k& is a cut value
to be optimized.

The SM background has been normalized to the data in the Mz;; > 150 GeV and prz > 50 GeV region. Five
different mass values for the excited quark have been considered which are displayed in Table I along with the
corresponding values of M7, M7T°, pT., and p7%°. At a given mass value we have varied k (c.f. Eq.(1)) between
0 and 3 in a step of 0.1. Based only on information from the signal and background simulation, for each k& we have
calculated o§2¢, the average value of the upper limit of the resonance production cross section at 95% confidence level
(CL) using a Bayesian approach [13]. The calculation uses an algorithm described in Reference [14] and can be found
on [15]. The optimum of k corresponds to the minimum value of o§¥¢. At this minimum we have derived from the
data ogs the measured value of the upper limit of the resonance production cross section at 95% confidence level (CL)
using the computer code [15].

The o095 values are displayed in Table II for each mass of the excited quark along with the optimum of the cut
parameter k. The relatively high (low) values of the parameter k at the resonance mass values of 400 (700) GeV
are due to statistical fluctuation. Also shown are the acceptance of the resonance, the number of data and SM
background events. In addition to the statistical error the uncertainty of the acceptance contains also the uncertainty
on the trigger efficiency and on the scale factor. We have verified that the JES uncertainty has no impact on the
uncertainty of the acceptance. The major part of the uncertainty on the SM background is the statistical error of the
generated background events, to which we have added quadratically the same amount of error to take into account
uncertainties in the model used. We have also added quadratically the statistical error of the normalization and a 5%
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FIG. 6: Upper limit of the resonance cross sections at 95% confidence level (blue squares) along with the production cross
section of the excited quarks times their decay branching fraction into Z + jet and Z — eTe™ (red circles).

TABLE II: 095 at the optimal value of the topological cut k.

Mass (GeV) k 095 (pb) o45° (pb) Acceptance SM background Data Mz, threshold (GeV)
300 0.9 0.201 0.200 0.150 £ 0.010 41.59 + 4.65 35 100
400 2.2 0.111 0.115 0.226 &+ 0.013 35.66 = 3.59 30 200
500 2.1 0.066 0.066 0.240 £ 0.014 10.94 + 1.42 7 200
600 24 0.054 0.055 0.278 + 0.014 7.06 £ 0.75 5 300
700 1.3 0.037 0.041 0.220 £ 0.011 0.71 + 0.10 0 400

systematic uncertainty which accounts for fluctuations due to the choice of the region of the normalization. Finally,
another 5% error has been added due to uncertainties in the JES. The 095 values are also displayed in Fig. 6 along
with the production cross section values of the excited quark as a function of its mass. The latter have been calculated
using PYTHIA. One can conclude that mass values below 520 GeV are excluded by the present measurement in the
framework of the model considered.
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